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A self-consistent calculation of the density of states and the spectral density function is performed 
in a two-dimensional spin-polarized hole system based on a multiple-scattering approximation. Using 
parameters corresponding to GaMnAs thin layers, a wide range of Mn concentrations and hole 
densities have been explored to understand the nature, localized or extended, of the spin-polarized 
holes at the Fermi level for several values of the average magnetization of the Mn system. We show 
that, for a certain interval of Mn and hole densities, an increase on the magnetic order of the Mn 
ions come together with a change of the nature of the states at the Fermi level. This fact provides 
a delocalization of spin-polarized extended states anti-aligned to the average Mn magnetization, 
and a higher spin-polarization of the hole gas. These results are consistent with the occurrence of 
ferromagnetism with relatively high transition temperatures observed in some thin film samples and 
multilayered structures of this material. 
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The possibility of having diluted magnetic semicon- 
ductor (DMS) nanostructures based on GaAs opens a 
wide range of potential applications such as integrated 
magneto-optoelectronic devices [Tj. In the Gai-^Mn^^As 
alloy Mn is, in fact, a strong p dopant, the free hole con- 
centration reaching even 10^°~^^cm~'^. The 3d level is 
half filled with five electrons, in such a way that it car- 
ries a spin 5?i/2. At small Mn concentrations, the alloy 
is a paramagnetic insulator. As x increases it becomes 
ferromagnetic, going through a non-metal-to-metal tran- 
sition for higher concentrations, and keeping its ferro- 
magnetic phase. Above 7%, the alloy becomes a ferro- 
magnetic insulator. In the metallic phase, depending 
on the value of x, the temperature of the ferromagnetic 
transition is observed in the range of 30-160 K. The oc- 
currence of ferromagnetism in (Ga,Mn)As thin films and 
(Ga,Mn)As/GaAs superlattices Q made it clear that a 
deeper theoretical investigation of such nanostructures is 
required. Recent calculations [1, Q performed in GaM- 
nAs/GaAs multilayered structures show the interplay of 
magnetic order and spin-polarization of free carries oc- 
currying in these systems. 

In this work we study the roles of disorder and spin- 
polarization on determining the nature of the spin- 
polarized states at the Fermi level in a 2D hole system. 
We aim to obtain information about the nature of the 
states of carriers in the metallic and ferromagnetic phase 



of a thin layer of GaMnAs. We obtain the density of 
states (DOS) by a multiple-scattering approximation in 
the Klauder approach @ developed by Serre and Ghazali 
[3], and we consider the Zeeman splitting (ZS) equiva- 
lent to the separation of the spin aligned and spin anti- 
aligned subbands resulting of the Kondo-like interaction 
with the localized magnetic moments. We show that by 
analyzing the spectral density function (SDF) we can in- 
fer, for a given average magnetization, the nature of the 
spin-polarized states at the Fermi level. Details of the 
multiple-scattering treatment used by Serre and Ghazali 
can be found in Ref. 0. 

The scattering potential due to a system of Ni impu- 
rities per unit volume at sites is given by U (q) = 
/9jj-^p(g)u(q), where we used the Fourier transforms of 

the impurity density Pinip('') ~ '^i^i^ ~ the 
screened Coulomb potential due to the ionized impurity 
v{r). The expansion implies in performing averages on 
products of impurity densities, using the technique by 
Kohn and Luttinger ^ . The multiple scattering approx- 
imation consists in selecting from the self-energy inser- 
tions those terms consisting of the scattering which occur 
several times by the same impurity. This is different from 
the Born approximation used in systems with low con- 
centration of impurities, where only double scattering is 
considered. The multiple-scattering approach reproduces 
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the correct result even for the very diluted limit. 

After performing the configuration average the Green's 
function G(p, E) is diagonal and obeys the Dyson equa- 
tion with the use of the self-energy S(p, i?): 



G(p, E) = G"(p, E) + E(p, £;)G(p, E). 



(1) 



G*'(p, represents the unperturbed Green function. It 
is convenient to define the vertex function by its own 
Dyson equation in a d-dimensional system: 

K{k, q; E) = ^ J d\'vi<i' ~ q)G(k + q') x 

[NM-n')+Kik,q';E)]. (2) 

At this point, in order to make the expansion use- 
ful, a change of variables is performed, k -|- q' q^, 
and k -I- q — > q'^^. Next we define the vertex function 
ifi(k, q_i;E) = K(k, — k; i?), which obeys the follow- 
ing Dyson equation: 

R\{k,<i,;E) = J dWv{q, - q'i)GK) x 

[NMk^q[) + K^{k,c^,;E)], (3) 

In terms of this new vertex function, the impurity self- 
energy becomes: 



I]ei(k,^) =i^i(k,k;i;). 



(4) 



To make this formalism operational, one more change is 
necessary, by defining the function U : 

U{k,ci;E) = Ki{k,q;E) + N,v{k-q). (5) 

In that case, Eq.® becomes: 

U{k,(i;E)^N,vik~cO + 

J d'q>(q' - q)GMC/(k, q'; E), (6) 

given rise to a linearized matrix equation: 

[I -iG]U = N,v. (7) 

The sign tilde is used to identify a matrix. Therefore, the 
problem is reduced to a simple linearized matrix equation 
of the kind A.X — B, where B = NiV is a fixed matrix, 
while A = [I — vG], and X — U changes at each it- 
eration in the self-consistent process. We start with a 
free-particle Green's function and obtain U. Next, with 
Eqs.Q and (O, we calculate the electron- impurity self- 
energy, the Green's function for the next iteration, and 
so on. 

The self-consistent calculation is performed for a two- 
dimensional hole gas of areal density Ug submitted to 
Coulomb scattering by a negative ionized impurity sys- 
tem of concentration Ni. These two data are consid- 
ered as independent parameters. This is important in 
the present context, since it is known that the density of 
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FIG. 1: DOS(a) for holes in p-doped GaAs as function of 
energy (lRy*=55.3 meV), and SDF (b) at energies Ei — —1.5 
Ry*, E2 — 0.75 Ry* as function of wavevector (aS=21 A). 



free carriers in the ferromagnetic GaMnAs samples is just 
a fraction of the concentration of Mn. The effective mass 
and the dielectric constant are assumed as nih — 0.62 
(heavy hole) and kq = 12.35. At low impurity concentra- 
tion, independently of the hole density, an impurity band 
detaches from the conduction band where a tail appears. 
Also, we have confirmed that at very low impurity con- 
centration and Ni = Us, the impurity band width tends 
to zero and becomes centered at -4Ry*, the well known 
two-dimensional single impurity Is state. The DOS of 
a characteristic system with Ni = 2 x lO^^cm"^ and 
Us = 5 X lO^^cm"^ is shown in Fig[TJ Ghosing the ener- 
gies El and E2 respectively in the middle of the impurity 
band and inside the conduction band away from its tail, 
we calculated the SDF, A(k, E) = 2'^G{p,E), at these 
energies and we observed that they have typical shapes 
corresponding to localized and extended states. 

Next we take into account the localized magnetic mo- 
ments at the Mn sites. We treat them assuming a ho- 
mogeneous magnetization. Then, we obtain an effective 
magnetic potential [4;] Vmag = — f < M > a, where 
a — ±1, X is the Mn doping factor, < Af > is the av- 
erage magnetization which for fully aligned moments is 
< M >= 5h/2, and NqP is the exchange potential for 
holes, = —1.2eV, according to Ref. 0. If x = 0.05, 
V, 



mag 



introduces a Zeeman splitting of 150 meV for fully 
magnetic ordered samples. We calculated the Fermi level 
and the SDF for each spin polarization (aligned and 
anti-aligned to the average magnetization) correspond- 
ing to Zeeman splittings of 50, 100 and 150meV. First 
we performed the calculation for = 5 x lO^^cm"^ and 
Ni — 2 X lO^^cm"^ The results are shown in Fig. 
The calculation was repeated for Ug — 5 x lO^^cm"^ 
and iV, = 1 X lO^^cm-^ in Fig. [3 The DOS corre- 
sponding to the anti-aligned spin is fixed and that of the 
aligned spin is displaced to the right in the energy scale 
according to the Zeeman splitting. In both cases we see 
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FIG. 2: Results for ris = SxlO^cm"^ and iVi = 2xl0^^cm-^ 
In part (a) curve 1 represents the DOS of the anti-aligned 
spins, held fixed. Curves 2, 3, and 4 represent the shifted 
DOS for aligned spins due to Zeeman splittings 50, 100 and 
150 meV. The corresponding Fermi levels are indicated. In 
part (b), curve 1 corresponds to either aligned or anti-aligned 
SDF at the Fermi level with zero magnetization, curves 2 and 

3 to anti-aligned and aligned spins with a splitting of 50 meV, 

4 and 5 idem for 100 meV, and 6 and 7 for 150 meV. 



that the Fermi level increases with the separation. The 
shape of the spin-dependent SDF does not change con- 
siderably as the average magnetization increases in the 
sample with a lower impurity concentration. However 
the sample with higher Mn concentration appearing in 
Fig. [3] shows a change in the nature of the states at 
the Fermi level, even for a splitting of 50 meV. Curve 1 
corresponds to zero splitting, where the two SDF coin- 
cide. Curve 2 corresponds to the splitting of 50 meV for 
spin anti-aligned, curve 3 for spin aligned. The former 
shows an extended character, the latter is localized. As 
the splitting increases, the SDF for anti-aligned spins be- 
comes sharper, while for aligned spins it spreads in the 
k-space, with the maximum approaching fc = 0. 

Therefore, if the impurity concentration is below a cer- 
tain threshold, the increase of the magnetization does not 
lead to a significant change in the localized character of 
the spin-polarizcd states. Above this threshold we reach 
conditions allowing the occurrence of extended states at 
the Fermi level - more properly extended states in a very 



dirty metal - which are very sensitive to the average mag- 
netization. As the average magnetization increases, a 
sudden change of the aligned spin states occur, becom- 
ing localized, the extended character of the anti-aligned 
spins becomes more and more pronounced, and the spin 
polarization of the gas of holes increases. 

To conclude, this work approaches the problem of 
the occurrence of ferromagnetism in GaMnAs thin films 
pointing to the entaglement of the average magnetization 
with the extended or localized characters of the spin- 
polarized hole states. We do not try to explain the oc- 
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FIG. 3; Same as above for 
1 X lO^^cm-2 



5 X lO'-'cm-'' and Ni 



currence of the ferromagnetic order. But, on the other 
hand, we demonstrate that for a convenient range of Mn 
concentration the increase of the magnetic order goes to- 
gether with the increase of the extended character of the 
majority of the spin-polarized carriers. This is in agree- 
ment with results obtained in GaMnAs/GaAs thin quan- 
tum wells and multilayered structures 0, [1] showing that 
in the metallic phase a strong spin-polarization of the 
"free carriers" in the regions where the Mn impurities 
are located is responsible for the magnetic order in that 
samples with relatively high transition temperatures. 
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